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topic includes explanations and status reports on the Interim Solid Performance Program
(Interim SPP) and associated program modules. Other topics include: nozzle flow analysis,
space motor combustion spin effects, effects of expended inerts/slag, the BARF effect,
particle impingement modeling, the Nozzleless Performance Program, thermochemical data,
boundary layer analysis, vertical test measurements, and advanced performance methodology
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I PREFACE

I This meeting, sponsored by the Joint Army-Navy-NASA-Air Force
(JANNAF) Performance Standardization Subcommittee, is held annually
to promote the exchange of technical information among governmental,
industrial, and academic scientists concerned with the experimental
measurement, analytical prediction, correlation, extrapolation,
and flight confirmation of the performance of liquid and solid

I propulsion systems.

The meeting was held February 14-15, 1980, at the Red Lion Inn,1in Sacramento, California.

I
Henry F. Hege
CPIA Representative
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MEETING SUMMARY

I. The thirteenth meeting of the Performance Standardization Subcommittee
was held 14-15 February 1980, at the Red Lion Inn, Sacramento, CA. Welcoming
remarks were made by Dr Daweel George, AFRPL, Subcommittee Chairman. Mr M. Ditore,
ASPC, served as Program Chairman and coordinated meeting arrangements. A list of
attendees and the meeting agenda are presented in Appendices 1 and 2.

II. PRESENTATIONS. Reproductions of the slides and handout material from the
meeting are given as Appendices 1 through 25 in the order that they appeared
on the meeting agenda.

III. GENERAL MEETING MINUTES.

A. The Solid Performance Program. The current version of the program,
known as the interim version, is operational, and documentation is forthcoming.
Program objectives of predicting solid rocket motor delivered specific impulse
within +-0.5% and thrust and total impulse with +-3% are being met for the test
cases; however, a comprehensive program validation and verification are yet to
be accomplished. The Interim Version SPP

(1) can handle different size particles with particle impingement,
(2) includes a new particle size model and drag law, a new combustion

efficiency model, and a new throat erosion model;
(3) provides extensive plots and an expanded summary page
(4) Fully Coupled Transonic analysis (FCT).

Additional work is planned for the following modules:
4(1) Grain Design and Ballistics

(2) One Dimensional Kinetics
(3) Two Dimensional Two-Phase Flow
(4) Turbulent Boundary Layer (G. Nickerson)

A status report on the FCT subprogram indicates:
- that for REGION I, (throat entrance region) the calculations work

well and are reasonably reliable;
- that for REGION II, (around backside of nozzle nose cap) the

solutions are expensive and difficult to obtain.

These results indicate that the approximate transonic analysis should be used
for parametric studies and the FCT for final performance prediction. (D. Coats)

A variety of Kinetic Rate data was presented for review. (D. Coats,
M. Salita)

-- The SPP approach to combustion efficiency, involving dimensionless
variables, was presented. The erosive burning options of the SPP were presented,
along with the various modelling efforts in progress; and the problem of scale-up

L was discussed. (R. Hermsen)

The Grain Design/Internal Ballistics Module (GDB) contains four sub-
programs: three-dimensional, two-dimensional and axisymmetric grain configurations
and ballistics. The various features of the GDB and some examples of inputting
various motor grain geometries were presented. (Appendix 9 ). (J. Lamberty)

IW The latest version of the SPP, the "Interim" SPP, is available now, upon
written request to D. George, AFRPL. Requestors of the program should enclose a
computer tape and state necessary tape specifications. The requestor will be

k" '  1
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provided with: a copy of the program, the thermochemical tape, sample case
input and output, and a manual. Users are requested to offer feedback to
D. George. The next, "1980," version of the SPP is anticipated to be available
in the late fall 1980. (D. George)

B. One-Dimensional, Three-Phase, Flow Reacting Gas with Mass Transfer.
A description of thMe various particle size change mechanisms which this program
models was presented. Attention was focused on mass transfer. Presentlythis
mechanism is based on a single component species (AlO2H) and should be based on
multispecies. At present, there is no adequate set of screened reactions to go
with mass transfer. It was recommended that additional studies should be con-
ducted before including OD3P in the SPP methodology. (K. Hunter)

C. Experimental particle impact data, based on experiments now being
conducted for the first time, were presented for review. Using a droplet
enerator, it is feasible to obtain experimental impact data in nozzle flows.
Z. Chiba)

D. The Space Motor Combustion Spin Effects include burnrate increase,
increased slag, and change in Isp. Motor analysis uncertainties include
particle density, particle size distribution, temperature gradient across the
particle on the surface, effect of gas flow and temperature after particle
deposition on inert surface, and particle propulsivity. (W. Brundige)

E. The effect of expended inerts/slag on performance may be taken into
consideration by utilizing the three proposed definitions of Isp, expressed
as: the propellant Isp, the delivered Isp, and the effective Isp. (J. Lamberty)

F. A description of the Burning Rate Anomaly Factor thought to be due
to propellant flow during casting was presented. Common terminology includes
BARF, hump effect and mound effect. (T. Kirshner)

G. The Particle Impingement Modelling discussion involved a review of
work from several years ago, and included a call for more current work in this
area. The smaller particles coated, and the larger particles eroded the nozzle.
Impingement has an important effect on thrust losses and must be considered
when designing an optimum contour. (W. Daines)

H. The Nozzleless Performance Program, currently under development at
ARC, will address the phenomena of erosive burning, grain deflection, and
combustion efficiency. Nozzleless motors operate at 65-85% of theoretical Isp--
increased efficiency is obtainable by using propellants with low pressure
exponent. In the erosive burning model, scaling effects must be taken into
account. (M. Procinsky)

I. SUBCOMMITTEE STATUS. Annual report, accomplishments, current task
areas, planned activities were presented. Appendix 19. (D. George)

J. Application of the constant fractional lag concept to kinetics and
mass transfer mechanisms was suggested. The premise is that from the nozzle
inlet to the throat various species lag by some constant fraction their equili-
brium value at the throat. This approach would substantially reduce computer
run time. The throat values would provide the initial conditions for full
computation in the supersonic region of the nozzle where mechanism behavior has
a significant effect on performance. A study should be conducted to determine
the effect on performance prediction accuracy by application of this concept in
the nozzle inlet region. (S. Cherry)

2
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K. There is a need to establish a standard set of Thermochemical and
Heats of Formation data and a methodology for distributing and keeping them
current. (D. George)

L,. Efficiency Definitions were offered as a set of equations. It was
stressed that consistency of prooellant specie input within equations and
between programs is important. The "multi" Isp concept was discussed, i.e.,
delivered Isp, propellant Isp, and effective Isp. (D. Coats)

M. Boundary Layer Analysis. An improvement of Aerotherm's MEIT code
was described, which is consistent with TBL, but has added capabilities. The
MEIT shape factor should be improved. The code can handle rough or transpired
nozzles, which TBL cannot. (M. Salita)

Aerojet is conducting a boundary layer analysis using a finite difference
method, as opposed to an integral method, which was developed by Dwyer,
University of California, Davis, and comparing results with TBL. (M. Ditore)

N. A method of Vertical Force Test Measurement was presented, with the
observation that thrust vs time comparisons differ from horizontal to vertical
testing. (R. B. Runyan)

0. Various aspects of Digital Filtering Techniques were described,
including examples, techniques, and the effects of filtering. The caution was
offered to beware of the interaction of test equipment with an experiment.
Weighted averages may be used to smooth equipment oscillation effects. (R. Little)

P. A Three Dimensional Time Dependent Analysis was described. The
application involved a rotating nozzle, rotating coordinate systems, and a
chamber calculation with oscillating pressure waves. (J. Hoffman)

Q. A Static Test Panel--C. Beckman, M. Ditore, E. Landsbaum--was
assigned to investigate performance measurements, to examine what performance
parameters are currently being measured versus what parameters should be
measured. The need was stressed for performance analysis and tests to present
data in similar terms. See Action Item #5, P. 5 . (D. George)

R. Advanced Performance Methodology. The limitations of current pre-
dictive capabilities were enumerated, in part, and then followed by open forum
recommendations to accommodate anticipated future needs. These are the ability
to calculate, handle or more accurately predict the following:

- large shock waves
- gouging, uneven nozzle erosion

S- particle size
- particle impingement effect
- distributed combustion effect
- more kinds of metals (Zirconium, Boron, Magnesium)
- 3-D grains
- multiflow ballistics

- occurrence of tin in zirconium
- high energy propellants
- temperature effect
- up to 300:1 area ratio
- nozzle submergence
- ignition transient, thrust termination (J. Levine)

3



S. Meeting Comments. The procedure for papers worked well this year,
and the premeeting material contained most of the papers. During the meeting,
there should be less in the way of presentation and more in the way of discussion.
The 1981 subcommittee meeting tentatively will be arranged for by Chemical
Systems Division, Sunnyvale, CA, (R. Hermsen) in February 1981. (D. George)

t
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5 ACTION ITEMS PERSONNEL*

1. Write the procedure for handling J. Lamberty3 the analysis of expended inerts.

2. Chair a workshop on spin effects W. Brundige
i of space motors (winter 1981).

3. Distribute write-up on Standard D. George
Method for Burn Rate Determination.

4. Establish a consistent data bank of D. George, C. Selph
thermochemical data and heats of

Sformation, and provide a mechanism
for its distribution.

5. Static Test Panel--to examine what C. Beckman, M. Ditore,
5 performance parameters are currently E. Landsbaum

being measured versus what parameters
should be measured. Where, how, and
how many measurements are appropriate?
How should the data be handled in its
reduction and interpretation?

I 6. Write a procedure for handling slag J. Lamberty, W. Brundige
analysis in rocket motors.

7. Provide write-up on reporting and J. Lamberty, W. Brooks
format of performance data from motor
test firings.

* First name on list should initiate action and coordinate with others
listed to resolve the action items.

1
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Appendix 2: Meeting Agenda
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M. Salita--Thiokol/Wasatch, Brigham City, UT

11:00 A.M. Vertical Force Test Measurement for MX
Performance Measurements and Data Reduction
E. Turner, R. Little--ARO, Arnold AFS, TN

12:00 Noon LUNCH

01:30 P.M. Three-Dimensional Time-Dependent Analysis
J. Hoffman--Purdue University, W. Lafayette, IN

02:00 P.M. Advanced Performance Methodology
J. Levine--AFRPL, Edwards, CA

03:00 P.M. BREAK

03:30 P.M. Open Forum, Items of Opportunity, Future Plans

MEETING CHAIRMAN AND ARRANGEMENTS COORDINATOR:

M. Ditore
Aerojet Solid Propulsion Co.
Sacramento, CA -

MEETING COORDINATOR:

H. F. Hege
Chemical Propulsion Information Agency
Laurel, MD
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Appendix 3: Performance Standardization Meeting Objectives
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Appendix 4: Improved Solid Performance Program
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1 Appen~dix 5: Iproed SPP -Fully Coupled Transonic Module Status Report
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I' SPP FULLY COUPLED TRANSONIC MODULE STATUS

REGION I CALCULATIONS WORK WELL AND ARE REASONABLY

RELIABLE.

PROBLEMS STILL REMAIN WITH REGION II - SOLUTIONS

ARE EXPENSIVE AND DIFFICULT TO OBTAIN.

RECOMMENDATION:

THAT THE APPROXIMATE TRANSONIC ANALYSIS BE USED FOR

PARAMETRIC STUDIES AND THE FCT MODULE BE USED FOR

FINAL PERFORMANCE PREDICTION.

44i

_ _- ,



IAppendix 6: Improved SP? Kinetic Screening Study
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REACTIONS
H#H3N2v A8I.09EIS, Nei., 68@00 JENSEN/JONE3(19?6) 002
.4.CLaICLP Ael.4SE22, Nv2.0 880,0 JENSENJnNES(1978) 00
0i"*$3#e0, Am3*22El22 #4.2., 930.0. JENeSE94JONIS(197S) 004
COCOaCO2# Ava.sOEis, #420.0, 89.37, JENSENiJOHdE3(1978) 014
ALCL*CLRALCLZP h.3.OEI4, #430,5, 9800O, ESTIMATE
ALCL2*CLBALCL3# Aw3*@E16# #4.0,5, ma80of EST114ATE
END TOR PEAX
tt2*W0s'2O+H, A8I.14E9, NO-I3, 893.42?, JENSEN/JONES(197g) 01,
CO#O.4UCQR+4, Aul.69EY, 14-10,3 S5.0.b6b, Jlt4SEWJJDIgt(97S) 020
NCL#O#3M0#CL# Ast.3 0 E13, N230.0, 632.087, JENSEN'4JONES(1976) 022
ALfl4CL*ALCLN, Am5.Elle No.0,Ss 935,473, ESTIMATE 030
ALONCL@ALOCL#Ns ANI.EII, Ne-0*5, se5.673, ESTIMATE 033
ALCLOIIBALOCL#k, Aul.EiI, NU-0,9, 8365.419, ESTIMATE 034
ALG"+O~muHAL24, A21.111, No-0,5, BO5.427, ESTIMATE 064
CL2*Na34CL+CL# A8S,031ll, 9430,, S31.152. JE#4SO#4IJOW13(1978)
ALCL2*#4SALCL#HCLP A61089110 #4u0., 51795, ESTIMATE

LAST Rilx

Proposed Screened Reaction Set
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Appendix 7: A Proposed Reaction Set For Kinetic Calculations
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Appendix 8: Improved Technical Elements for SPP
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Appendix 9: Grain Design and Internal Ballistics Module

GRAIN DESIGN

AND

INTERNAL BALLISTICS MODULE

J. T. LAMBERTY

UT-CSD SUNNYVALE, CA
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MAIN PROGRAM

READ $GDB
NAMEL 1ST

[(SEE BELOW)

IB=1I

AXISYMMETRIC 2D 3D
GRAN GAINGRAI N

I~B = 0

IB

IT ~ B 3 >

PARAM ETELR VALUE SIGNIFICANCE
lB 0 GRAIN DESIGN ONLY
FI1 BALLISTICS.ONLY
lB 2 GRAIN DESIGN 4 BALLISTICS
lB 3 COUPLED SOLUTION
IDESGN 1 AXISYMMETRIC GRAIN
IDESGN 2 2D GRAIN
IDESGN 3 3D GRAIN
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LIFRAM GRAIN DESIGN FILE

100 A6B lDUO,IDESSNa3,ILISTsO,SEND

200 IRR BOOSTER/ 4 FIN FINOCYL DAI( 1/9/80

300 $CASE ZR*O.,0., .08,1.0, .191.39 .15,1.6, .2,1.92, .3,2.2, .42,2.5,
400 .52,2.6, .68,3.08, .8,3.38, 1.0,3.63, 1.25,3.9, 1.65,4.08,
500 1.7094.102t 42.88,4.102, SEND

60o sINPUTI JNz13, JNlx12, PNAX=45,SEND # OF SURFACES AND ANGLE OF SYMMETRY

700 SINPUT3 DELTA*28..1,5*.01,EP323.,SEND VED STEPS AND ACCURACY

800 SINPUT5 NSFCs1 ,ITYPEa2,IANGLEz1 ,THETAuO.,PImO.,
900 Xz.79,Ys0.,Z:.5,R=.79,.5,UIIN-0.,UMAXa45.,
1000 VIIN:-65.,VNAXw0.,$END HEAD FILLET TORUS
1100 SINPUT5 NSFC=2,ITYPEx4,X=0.,0.,YX0.,0.,ZX.S,29.99,R=1.29,
1200 UIIN.0.,UNAX:45.,YNIN:0.,VMAXz29.3S,SEND MAIN CYLINDER
1300 SINPUT5 NSFCa3,ITYPE-2,IANGLEaI,X=4.102,Y0O.,Zz29.8,
1400 THETAz90.,PNI=90.,R-3.185,.375,UMIN:?0.,UNAX=134.,
1500 VNINx0.,YNAXz1S0.,fEND FIN TORUS 1
1600 SINPUT5 NSFCx4,17YPE=2,IANGLE,X-2.325,Y0.,Z=36.09,THETA90.,
1700 PHIx9O.,Rs5.752,.375,UMNJN-90.,UIAX=-46.,VNIN=0.,
1800 YHAWu1O.,SEND FIN TORUS 2
1900 SINPUT5 NSFCu5,ITYPE=4,X=3.425,3.425,Y=0.,0.,Zm36.09,42.88,
2000 Rs 375,UNJNzO.,UNAXx9O.,YNIN=O.,VNAX=S.,
2100 $END SMALL FIN GROOVE CYLINDER
2200 $INPUTS NSFC=6,ITYPE-3,X0O.,Y.375,Zz29.88,IANGLEZI ,THETAm9O.,
2300 PHIz9O.,UNIN:-14.,UNAXzO.,VNIN:-3.425,VNAX:0.,$END FIN SIDE PLANE
2400 SINPUT5 NSFC-7,ITYPE-4,X.0.,Q.,Y-0.,0.,Za29.89,39.93,R=1.29,
2500 UNIN-0.,UNAXu4S.,VNIN=0.,VNAX=11.,SEND SECOND CYLINDER
2600 SINPUT5 NSFCz8,ITYPE=-3,Xa0.,Yz0.,Z=39.93,IANGLEz1 ,THETA=0.,
2700 PHIsO.,UNINzI.29,UNAX:1.71,VNIN:.9l2,VNAX=1.210,
2800 $END NOZZLE VERT PLANE 1
2900 $INPUTS NSFC'9,ITYPEz2,IANGLEu1,THETAzO. ,PHI.0.,XaO.,Y-O.,Z:39.93,
3000 Rzl.71,0.,UNINUO.pUNAX:45.,YNINz-90.,VNiAX349.,
3100 SEND NOZZLE CORNER TORUS I
3200 SINPUT5 NSFCa10,ITYPE-5,X0O.,0.,YO.,0.,Zz3.93,41.9,R-1.71,3.5,
3300 UNINs0.,UNAX.45.t$END NOZZLE CONE
3400 SINPUT5 NSFCUI1,ITYPEU2,IANGLE:1,THETAUO.,PHI=0.,XUO.,YuO.,Za41.98,
3500 Rz3.50.,UNIN.0.,UNAXa45.,VNINu-41.,VNAXsO.,
3600 SEND NOZZLE CORNER TORUS 2
3700 SINPUT5 NSFCm12,ITYPEs4,X=0.tO.,Y*O.,0.,Z=41.98,42.88,R=3.5#UNINuO.#
3300 UNAXs45.,YMINz0.,YNAXz2.,SEND NOZZLE CYLINDER
3900 SINPUT5 NSFCuI3,ITYPEa-3,XuO.,Y.0.,Zu42.88,IANGLEs1,TNETAuO.,PHIUO.,
4000 UNIN&3.5gUNAXa4.102,VNINzO.,YNAXu2.?0,SEND NOZZLE END PLANE 2
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2 LIFRAM BALLISTIC FILE

100 $GOB IB-1,SND
200 IRIFIN IRR BOOSTER +145 +3SI5 1/4/80

300 SIALPAN 37.1 .96,PIN=25.,PFINALu16.,UED=2.01,VINa349.24,ETAa.Y348,
.400 R1000u.7939,NEXP..4,R~u49.97,CSTARz5O57.76,RNOP*.0661pBANal.13,TFa6623.,

500 DEa6.96,PAa14.7,PERCNTs10.,E3TYPEu1,H3Sa0,NP~u2,NNm19,3E1Aa70.,PLTc2,SEND

600 WPINE XY=0.0.0l, .6,.02, DTAILz.0O5,STINE.10#SEND

700 SPLOTTS IPLOT:1 ,1,0,0,PSCALE=.3,JPLOT=1,$END

900 $EROS KODEu7,XYmO.,0., .05,0., .1,25., .15,31.p .5,32.3, l.,33.5, 1.5,34.9,
900 2.0,36.1,2.6,37.,2.95,35.3, 3.05, 0.,$END

1000 WAORT RPORTzl.29,6END
1100 SAPORT XY=O.,12.52, 2.81,52.81, $END

1200 $REPS ABURN-1 ,APORTuI ,ALFA=.15,LM-.5,SEND HEAD FILLET TORUS
1300 SIEPS ADURN=2,APORTz1 ,ALFA:.15,LN:5.SB,*END HAIN CYLINDER
1400 SIEPS ADURNz2,APORTzl,ALFA=.15,Lfl=5.8S,$END 5 ELEHENTS OF I SURFACE
1500 SIEPS A3URNz2,APORT1 ,ALFAz.15,LNc5.B8,SEND
1600 SDEPS AIURN:2,APORTSI,ALFA=.15,L14z5.8$END 1
1700 SIEPS A3URNz2,APORTu1 ,ALFA=.15,LN=5.88,$END
1800 SIEPS ARURN3l,APORTa2,ALFA%.15,LNu2.,$END FIN TORUS I
1900 SIEPS A3URNu4,APORTz2,ALFA=.15,LNa4.,$END FIN TORUS 2
2000 SIEPS ADURNu5,6,7,APORT:2,ALFAx.15,LN:1.6,$END 5 ELEMENTS OF 3 SURFACES
2100 SIEPS A3URNa5,6,7,APORT=2,ALFA:.15,LN:1.6,SEND FIN GROOVE CYLINDER,
2200 SDEPS ADURMz5,6,7,APORT=2,ALFAx.15,LN.I.6,$END SIDE PLANE,
2300 SIEPS A5URNu5,6,7,AP0R7-2,ALFA=.15L1z1.6,SEND AND TOP CYLINDER
2400 SIEPS ADURNx5,6,?,APORTz2,ALFAu.15,LN=l.6,SEND
2500 SIEPS AlURH48,APORT=2,LMx.1,$END NOZZLE VERT PLANE I
2600 $REPS ADURNz9,APORTa2,LN:.2,9END NOZZLE CORNER TORUS I
2700 IEPS ABURNzl0,AP0RTz2pLNz2.05tSEND NOZZLE CONE
2900 SDEPS A3URNztl,APORTm2,Lflu.2,SEND NOZZLE CORNER TORUS 2
2f00 $DEPS ADURNs12,APORTv2vU~z.9,SEND NOZZLE CYLINDER
3000 $REPS AlURNz13,APORTm2,LH=.1qSEND NOZZLE PLANE 2
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AXISYMMETRIC GRAIN

Set up for Grain Design and Ballistics (Sequential Solution)

100 069B 1B=2,IDES5Nzl,$END

200 TEST CASE FOR AXISYMMETRIC GRAIN

300 SCASE ZRz0,2, 0,5, 1,6, 20,6? 21,5, 21,2,SEND

400 SSRAIN ZR=0,2, 15,2, 14,4, 15,4, 16,2, 21,2,
500 ARC=O,0,1,0,OSEND
600 *SEP DELTA=22s.2,1END

700 AXISYNIIETRIC TEST CASE
800 $IALPAM DT=1.13, PIN=1S, UEDz4, VIN=251, ETAx.96, R1000=.395,
900 NEXPe.25, RG:46, CSTARz5266,RH0P=.063, BAN=1.18, TFu610O,
1100 EINz6, IETA=70, P0u14.7, PERCNT=10, EBTYPE*1, N~M3, NDS=0,
1100 PFINAL*16,$EMD

1200 WPINE XYxO,.02, .1v.1v .2,.2v DTAILa.02, DURATN=2O, STIME=1,$END

1300 $EROS KODE.7, XYz0,2, 50,2,SEND

1400 SIRULT Xrzo,i.5, 4p1.5,0END

1500 ODEPS ADURNzI, APORT=1, DRNULT*1, L~mI5,SEKD
1600 SIEPS ADURN-2,3p4, APORT=1, LN.1SEND
1700 SDEPS ABUR0uS, APORT=T,9RNULT=1,SEN9
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Appendix 10: One Dimensional Three-Phase Reaccing Flow With Mass Transfer Between Phases

KVB11-P-240

ONE DIMENSIONAL THREE-PHASE REACTING FLOW WITH
MASS TRANSFER BETWEEN PHASES

AUTHOR: S. C. HUNTER

KVB, INC.
17332 IRVINE BLVD.
TUSTIN, CA 92680

FEBRUARY 1980

PREPARED FOR:

JANNAF INTERAGENCY PROPULSION COMMITTEE
PERFORMANCE STANDARDIZATION SUBCOMMITTEE

FEBRUARY 14-15, 1980
SACRAMENTO, CALIFORNIA
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INTRODUCTION

GENERAL

This is a summary of the work accomplished on Air Force

Contract F04611-78-C-0011. A computer program was developed

by KVB in 1973 to analyze one-dimensional reacting gas-particle

flows primarily involving coal combustion. This program was

developed from experience gained in prior work on rocket engines

and has been re-converted for application to two phase flow

in rocket motors during this contract.

The purpose of the current project was to further develop

the existing computer program to incorporate additional particle

size change mechanisms that are of importance in improving the
ability to predict rocket motor performance. Also the program

was modified to simplify the input required that is specific

to rocket motor performance prediction.

All analytical work was performed at KVB, Inc., Tustin,

CA. Computer programming, coding, and computation was performed

by KVB with the assistance of Software and Engineering Associates

(SEA), Santa Ana, CA, acting as consultants to KVB. Dr. Cye
Waldman served as a consultant to KVB performing the literature

survey, and selection and development of several of the size

change models.

OBJECTIVE

The objective of this program is to improve the ability

to predict the effect of two and three phase flow losses on

the performance of solid propellant motors. The improved predic-

tion capability is obtained by the development of the analytical

KVBll-P-240
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capability to predict particle and droplet size change

mechanisms in a reacting solid rocket nozzle flow.

SCOPE

Five program phases comprised (1) a literature search concerning

particle formation, size change mechanisms, and heterogeneous

gas/particle reactions; (2) selection of size change models

and three-phase flow reacting gas/particle coupling equations;

(3) coding of the numerical solution; (4) verification and docu-

mentation of the code; and (5) preparation of a final report.

One-dimensional nozzle flow with area change was assumed

in order that the major effort could be directed to accurately

modeling the physics of particle and droplet formation and size

change mechanisms. The overall accuracy goal was to obtain

specific impulse predictions of condensed phase particle effects

to within ± 1/3% (1 sec).

The particle models were developed to account for particle
agglomeration, droplet breakup, vaporization and sublimation,

melting and solidification, and condensation, and reactions

that occur both in the gas phase and heterogeneously on particle
surfaces.

Ten particle sizes of a single class or different classes

are accommodated by the program.: Each class is capable of inde-

pendent composition, phase, and size specification.

The reacting gas/particle conservation equations solved

account for velocity and thermal lags between the droplets/

particles and the gas phase including radiative and convective

heat transfer to and from the particles/droplets.

The computer program:calculates the entire nozzle flow

field from the nozzle entrance to the exit plane. All initial

conditions are specified at the nozzle entrance including automatic

techniques to select the initial particle or droplet species

KVBl1-P-240
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A

and size distributions. The computation is self-contained
requiring specification of the propellant system, motor operating

conditions, chemical species data, and nozzle geometry. The
computer program is designed to run with a minimum of input

data.

The program has provision for solution of frozen equilib-
rium, and nonequilibrium conditions as a means of comparing

theoretical specific impulse with predicted specific impulse

losses due to three-phase flow effects.

The program will accommodate propellant mixtures that
contain the following elements: carbon, hydrogen, oxygen, nitrogen,
fluorine, chlorine, aluminum, beryllium, boron, magnesium, zirconium,
and iron. Propellant formulations of primary interest to be
analyzed in detail have been those that contain ammonium perchlorate

(NH4 Clo 4 ) and aluminum with an N-F type binder. Particular
attention has been given to those reactions between species
containing aluminum, fluorine, and oxygen which are predominant
in particle size change mechanisms in the formulations including

reactions that form AlF, HF, OH, and A1203.

The overall OD3P program consists of two major programs.

The primary program is the one-dimensional three-phase reacting
gas-particle kinetic program. For reference to theoretical per-

formance and as a means of obtaining starting conditions for the
three-phase program, a one-dimensional equilibrium program has
been merged into the three-phase program. This equilibrium

program is designated herein as ODE (One-Dimensional Equilibrium).
The ODE part of OD3P is essentially identical to current NASA and

Air Force versions of this. ODE has been revised slightly to
write an output file containing data needed to start the three-

phase program.

KVB11-P-240
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COMPUTER PROGRAM STRUCTURE

To integrate the one-dimensional gas-particle equations

it is necessary to specify all variables at the starting position,

furnish thermodynamic data for all species to be considered,

define the desired independent variable (temperature, pressure

or area) as a function of downstream position, specify integra-

tion step and output print controls, provide a set of elementary

kinetic reactions for the gas phase species, and specify the

number of particle groups, their size, concentration, composition,
and the size change mechanisms to be considered. The program

includes a plotting routine which requires specification of

the variables to be plotted.

The major program functions are arranged in seven modules;

Figure 1 shows the functional arrangement of the modules in

relation to the input deck and several data storage files. Figure 2

lists all of the 102 subroutines in each module.

Table 1 lists the input deck sections required to run the

program. Table 2 shows the format of the input deck. Table 3

lists the program output parameters printed at print stations

specified by position or area ratio.

KVB11-P-240
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INPUTY DECK PROGRAM MODULES STORAGE FILES

Master
Control

TITLE CARD- Module

$THERMO New__LINK_1 _ TAPE 14

Thermo. Daa Y Thermo. Data O S7MAP,

Data Cards ?Processor thermo data
file

ODE_?_LINK_50 TAPE_13

ODE SPPODEKoDE, data
ODTF,? proram ile

ODE Datafor start

(opionl)_____LIN _2 TAPEB
ODTP iput ILSAV,

$CASEI datasave input
OTdaaprocessor for other

geom. casecases

-_-__-_--_LIK _3 TAPE_25

SPECIESshort________ KSTF, short
data setthermo data

file

PARTICLES set up T, P, TAPE 7
$ATor A tables KNLOT, plot

patileand convert data file
data cards it

$ADD AE
addition

LINK 42 IOUNIT j
TIL ADintegration print file

data for
next case print output I

(optional) TAPE 6*
write ________ IFASEK

restart file restart

*IFABK appended to output LN 0______

print, reassign for separate jplatting .1 plot
file. Program 1

Figure 1. * 03P program structure showing relationship between input deck,
program modules and data storage files.
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TABLE 1

INPUT DECK STRUCTURE AND FILE USEAGE

Input Deck Structure Summary

Input to OD3P is divided into the following sections:
1. TITLE CARD - the contents of this card will appear at the top

of each print station output.
2. $THERMO - namelist input controlling input of new thermodynamic

data or the use of a previously generated thermodynamic data
file.

3. THERMODYNAMIC DATA - includes gaseous species data and particle
species data in either JANNAF table form or curve fits.

4. $PROB - namelist for specifying operation of the ODE link
for starting conditions and the ODTP link for the three-
phase flow calculation.

5. REACTANTS - ODE reactant cards per NASA SP-273
OMIT - omit species for ODE
INSERT - insert species for ODE
NAMELISTS
$ODE - namelist input for ODE per NASA SP-273 (Ref. 1)

as modified by SPP (Ref. 2)
6. $CASEIN - namelist data which defines ODTP initial conditions,

the type of calculation requested, and other specific case
input.

7. SPECIES CARDS - data set containing the gaseous species to be
considered (in ODTP) and their initial concentrations (if
not input from ODE).

8. REACTION CARDS - data set containing the reaction set for the
gaseous species, and any third body reaction rate ratios to
be specified.

9. PARTICLES CARDS - when particles are to be considered this
data set specifies their species and initial Vpk, Ppk, Tpk,
Xpk, and %k (note: Ppk - Ibm of particle per it3 of
control volume, mpk - bulk density - Ibm of particle per
ft3 of particle). Note optional input in $PART for ODE
start.

10. $PART - when particles are to be considered this namelist input
defines the particle size change parameters specified for
the particles.

11. $ADD - when mass, energy, or momentum addition for gas or
particles is specified this namelist input defines the
schedules for the addition rates.

12. $DATA - data set for output plotting.

Table 2 shows the input deck structure.

KVB1I-P-240
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OD3P INPUT DATA SET DESCRIPTION
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TABLE 3

PRINT STATIO14 OUTPUT DATA

Gas Properties

velocity ft/sec

Temperature OR
Heat Capacity BTU/lbm-OR

Gas Viscosity Ibm/ft-sec

Density ibo/ft 3

Molecular Wt lbm/lbuqole (of gas only)

Y unitless

Prandtl Number unitless

Compling Term A 1/Unit Length

Coupling Term 3 1/Unit Lengt jSee Analysis

Coupling Term C lbu/ (ft-sec 2_ for definition of the
Unit Length) coupling terms.

Coupling Term E 1/Unit Length

Mach Number unitless

Pressure PSIA

Area ft 2

Axial Position Unit Length

Time seconds

iterations unitless

Delivered Thrust unities.
Coefficient

Delivered Spec. sec
Impulse

Vacuum Thrust unitless Donra o
CoefficientThotnl

Vacuum Spec. sec
Impulse

C*, Characteristic :ft/sec
Velocity

KVBhl-P-240
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TABLE 3 (contd)

Species Concentra- Mass Fraction
tion

Cass Mass Flux lb/sec

Particle Mass Flux lb/sec
Total Mass Flux lb/sec

Cumul. Mass Flux lb/sec
Error

Cumul. Mass Flux percent
Error

Gas Energy Flux Btu/sec
Particle Energy Btu/sec

Flux
Total Energy Flux Btu/sec

Cumul. Energy Flux Btu/sec
Error

Cumul. Energy Flux percent
Error

Gas Momentum Flux ft - lbm/sec2

Particle Momen. Flux ft - ibm/sec2

Total Momen. Flux ft - lbm/sec 2

Cumul. Momen. Flux ft - ibm/sec 2

Error
Cumul. Momen. Flux percent
Error

Current Step Size unit length
P used/P - RO.R.T unJtless
Gas H (H + V2 /2) Btu/lbm.Molecular Weight lb mixture/mole gas
Molecular Weight lb mixture/mole mixture

Integrated Gas lbm/sec
Mass Added.

Integrated Part. Ibm/sec
Mass Added

Integ. Energy Btu/sec
Added

KV9il-P-240
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TABLE 3 (contd)

Wall Radiation Btu/s/ft2 wall
Flux

Wall Temperature OR

Integ. Momentum ft/sec
Added

1 - Ec . Species mass fraction
SummAtion

Percent dT/T ORP R per step
per step

Energy-Error per percent per step
step as dT/T

Maximum Species percent per step
dci/c

A.dx unitless

B.dx unitless

Gas Equivalence unitless
Ratio

Integ. Particle lb/s/ft3 gas
Mass Transfer

Mean Diameter, micrometers
all particles

Geometric Standard unitless
Deviation, all
groups

Mean Diameter, micrometers
each set

Cometric Standard unitless
Deviation, each
set

KVBl-P-240



TABLE 3 (contd)

Particle Properties (Printed for each Group)

Particle Phase

Radius ft., microns

Phase Volume unitless
Fraction

Velocity ft/sec

Density ibm/ft3 volume of gas

Temperature OR

Bulk Density ibm/ft3 particle
W, Wpi Wpc W k  Ibm/(ft 3 see)

Number Density Particles/ft3

Compling Term D 1/unit length

Compling Term F 1/unit length

Reynolds Number unitless

Nussult Number unitless

Knudsen Number unitless

Weber Number unitless

Drag Coefficient unitless

Velocity Relaxation (sec-Unit L)/ft

Temperature (sec-Unit L)/ft
Relaxation

•pk 0 Vok - A Ibm/sec

Particle Mass Flux lbuq/sec
- Error Term

Integrated Particle Ibm
Vaporization

IM
KVBll-P-240



PARTICLE BREAKUP AND COLLISIONS

Particle breakup calculations using the Extended Delta

SPP test case were performed starting with 30 um and 300 Vm

median particle sizes. Nine groups were used with an initial

geometric standard deviation of 1.9. Table 4 shows that for

both calculations the particles broke up to nearly the same

mean diameter. Of interest is that the larger initial sizing

(300 pm) produced a slightly smaller final diameter. The breakup

ratio used was 2 to 1, that is, at any point where a particle

Weber number exceeds the critical value of 4 /CDD the particle

diameter is reduced by a factor of 2. Figure 3 shows the

size distributions for the initial 30 um median size case and

at the throat for that case. The throat distribution remains

approximately log-normal as expected but the geometric standard

deviation is much lower. There is also a shift in the size

arrangement of the groups. Groups 1, 5, and 9 remain respectively

the smallest, median and largest size but other groups shift

around. The geometric standard deviation of 1.9 for the initial

particle sizing is actually based on measurements at the nozzle

exit. It would appear that a larger value should be used at

the nozle inlet so that the exit distributions would be closer

to 1.9.

Figure 4 taken from NASA SP8039, shows particle size

correlations for solid rocket motors. The Extended Delta test

case mean particle sizes agree well with the NASA SP8039 curve

but is higher than the SPP correlation (which is currently being

revised).

Particle size as a function of axial position, plotted

by OD3P, is shown in Figure 5 for an initial D43 of 30 pm

with nine particle groups and a geometric standard deviation

forsize distribution of 1.9. The position X - 0 is the throat.

KVB11-P-240
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TABLE 4. EXTENDED DELTA TEST CASE PARTICLE BREAKUP
AND COLLISIONS

Case 1 Case 2

Initial median diam, pm 30 300

Initial mean diam, D43, u 36 360

Initial geom. std dev. 1.9 1.9

Throat mean diam, D43, Um 8.45 7.51

Throat geom. std dev. 1.26 1.232

Exit mean diam, D43, pm 8.34 7.14

Exit geom. std dev. 1.32 1.288

I

KVB11-P-240
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All nine groups break up before or at the throat; some groups

break up more than once. Particle size of the larger particles

beyond the throat grows slightly due to collisions. Collision

rate is low because the particles are all nearly the same size.

SPECIES AND KINETIC REACTIONS

KVB developed a species and kinetic reaction set for a

typical fluorinated propellant containing 23 gaseous species and

76 reactions. This set was presented at the 12th JANNAF PSS meeting

in Salt Lake.1 Since that meeting the set of 76 reactions has been

updated, as shown in Table 5, to include the most recent kinetic

rate data.

In using this set it is important to understand the

assumptions on which it is based. The reaction set was developed

for a specific set of species as shown in Table 5. Species are

shown in four groups. The first group are those that are important

to the energy release during nozzle expansion of a non-fluorinated

propellant. These species are listed in order of decreasing

magnitude of energy release. The second group shows additional

major and minor species for fluorinated propellants. The third

group includes species that are moderately high in concentration

(>0.0001 mole fraction) but do not contribute significantly to

energy release. The fourth group contains three species which

are not important to energy release but are important to consider

for performance based on restricted equilibrium. This is due to

the fact that for full equilibrium AlCl3 does not form during

expansion; rather it disappears. However, when A1203 formation

is suppressed as in restricted equilibrium, fairly large amounts

of AlCl3 are formed.

Cherry, S , "Kinetic Rate Data Screening and Update Procedure,"

12th Meeting Minutes of the JANNAF Performance Standardization
Subcommittee, Salt Lake City, Utah, January 25-26, 1979.

KVB21-P-240
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In developing the set of 76 reactions, the following

23 species were used; 15 species from the first group (excluding

Al203 and N2 ), the five major fluorine species from the second
group, and N and AlOH from the third group. The latter two were
included to provide a kinetic path for NO. Selection of these

species was based on ODE calculations only with fluorinated

propellants. Therefore, the use of a subset of the 76 reaction

set for non-fluorinated propellants requires further consideration.

At the 12th PSS meeting, Steve Cherry of KVB presented a preliminary

screened set of 16 reactions involving 18 gaseous species, excluding

fluorinated species. This set was based on previous screening

of an original Al set included in the SPP initial version. A

further subset of fifteen reactions (excluding CO + 0 - 02) with

18 species was screened using updated rates from the final KVB set

by Software Engineering Associates in the SPP program.2 These

results indicated a change in restricted equilibrium Isp of

only 0.08% compared with the full set of reactions shown in

Table 5 (excluding fluorinated species and including four reactions

involving Cl2 , A1CL2 , and AlCl3). This SEA set of 15 reactions is

therefore considered appropriate for use with non-fluorinated

propellants when performing restricted equilibrium calculations.

The fact that this set allows AlC13 to increase during expansion

requires further assessment when the restriction on mass transfer

is removed as in OD3P. KVB plans further work, starting from the

SEA/KVB set of 15 reactions and excluding the reactions involving

Cl2 , AlCl2, and AlCl3.

213

2 Nickerson, G. R., Coats, D. E. and Hersen, R. W., "Solid Rocket
Motor Performance Predictions Using the Improved SPP Computer
Model," 16th JANNAF Combustion Meeting, Monterey, California,
September 10-14, 1979.
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TABLE 5. REACTION SET FOR ALUMINIZED
PROPELLANTS WITH N-F BINDERS

REACTIONS
Asol.etS poo 1100 CI4E8AY(196?) 001
AN32,£1,091.1ft dNot,, "80,0, JENSEN#1JONES(19793 00?

W*CLUIHCL& Ast'O51:22, W82., 660.00 JENSENIJUIJESC1978) 03
ALOFDALF*D, A84,SE10, %m.V*5, ailo,0 SAHN(1970) 0
0*N80OIs 403,o2E1No Not,, 68O00 JENSE'd/J,),45C(1978) G05
0wHat20,' £4322E22# 'd22,, 68000f JEN3EN.ejJOh 3(1976) cob
ALCLFUALF#CL, £m4.5E10. Na-UgtD, 8.61,2, &A99d1970) D0?
ALCL3ALOCL, AS196E12o N8"Ve5, 6E113.3. *AMhC1974) 000
4*0mUVU bbaeEtoo 'dm0.5, 11800 SaULC'd(1973) @Do
ALOUAL#LU, Am1,?E1&,' aDe.,St 021393p 94N1974E) ale
ALO.CNOALO12mV A83,OEIN, 'dm0.5, 630,0, E3TImaTE oil
ALOCL&4LO.L, ANGoEIof 93.0,5, 98124,30 SA"NC197a) 012
£LOCLw&LCL+O, A:4 bEIo, ha.u'5, 53128,3, BAhNt1970) 013
C0*a3C0z, A 2:54EISO 9.0,0, 9110,37, JENSENIJij'45(1973) 014
ALONUALOM. Aw3,0E16@ ho0,5, 650,0, ESTIMATE @15
AL40OALOmf £u3,oElbp Nw0.5, 980600 ESTIMATE
END TSR PEAX 

1

CL4wummCL*w, AuS6a3El?, N8m0.0, U80,233, JESENJONEa(1978) @17
H.aisAstab0E10, No-loop 3.6.903, JEftSEN/JO'dES(l975) Ole
H2032.,A91010L9, 'dm.1*3# *63.27t JENSEIJONES(1978) 019

CO.OwKCo2,14, Aal,89E?, 'd.1*3v 68-09658, JENSEm/JOmESC19TS) 020
CL+,DI4CL*O, A82,61E12, N00,0, 904,165# J!E'dJONE3C1978) 021
N4CL+0 9 m820*CLp 0:1 30E13# Ns0,0, 682,087# JE'dSE'dIJO'ES(1978) @2'V
Om+O0uO020, A 6:30112, 'duo,0, 921,093# JE%3EN/JONES(l0TI) @23
C020M23cC1.9209  A:9 SE80 Nang,5 : 315,.: TUNDER(19.7) 02A

N.MNOM S 53E11, Nano,5, 8US826, CHERRY(1987) 0213
14*~4*,As7,6013, "N0vo, BBS*Slbo JESEN/JONES(I97S) @26

COR2thmCO.k'd A81905E11, Nao0., 9OS9,62# ChEftfyCIY8T)02
A.~)i.&rnrfogo AmEI, 9a@,6l89, ESTIMATE 027

ALO.COSAL#COI, *Ut.EII, "8DSt5 6069466# ESTIMATE @29
A LONCLoALCL04, ABS*Ello N8.0.5, 885@673# ESTIMATE 030
£IOCL8ALCL*O, AuS Eli# 93.0,5, 0:8,188, ESTIMATE @31

*-ALCL*CORUALC..CO, a Ili#11 hu-095, *3& 995P ESTIMATE @32
ALO9MCLwAL0CL#M. Aol*EII, No'0,5, 506.73f ESTIMATE 033
ALCL*a1MxALQCL*N# A8199110 'da.00, 905.19, ESTIMATE 03a

MF*LULF*W., Am5.EII, %6-0090 S97#408# ESTIPATE 03%
ALFR* tALF.NP, AmSeE11, NO.099P 38*175, ESTIMATE 036
ALCLV.MNALPI4CLo sw5.Eti, P1200490 9540707# ESTIMATE03
ALCLF~93gqY*ALCL, ADS9E11@ N0,5, 686,961t ESTIMATE 037

(continued)
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TABLE 5 (Continued).

A LCLF*OSALOF*CL@ *U5.,90 143.0,5, S34.00 ESTIMATE @39

OM*ALUCLNCL*ALJ3I. asseEtto we 0, 68761700 ESTIMATE 046

ft*ALO3'4O*ALf AUS Ell# NNmOg~t 686,466t ESTIMATE 041

ALOOALCL§AL#ALICL* £uIEllo t430,5s 850,513, EMATE 061
CO2,ALF8CO*ALOF* oaSZEII. Remo,5 SuO.99Se got PMATE @63
ALF*HCLOHF*ALCL# n [100I~ wu800,91 Ss?3*?SS# ESTIMATE gas
HF*ALOSALUF*Hv AN.1II McO.05o *uT.*6t~ ESTIMATE 065
NF#ACI3ALPC*gqe Awl EIOo Nem*0,5e IU71,025, ESTIMATE 0@6
ALFa,gHCLnhF*ALCLF* £u:,ElOe 148.0,a5, 98S5.1t# ESTIMATE @61
NF+ALL)CLO ALOFqHCLt AvloglOo "MU...!, SATSo.1it ESTIMATE 065
ALO$MO " CL £ul.El0 WieOsS, 861.749# ESTIMgATE 949

AL#ALF2SALFALCL AS5,EII. w...5 S?,15, ESTWeATE @so
ALF*OI"uALOF*,W. Awl.II its#.5 NoSS.08419o ESTIMATE05
ALCLF#ALOALF#ALCL# ABS5.EII "@-cost. 986,901f ESTIMATE 053
ALF#ALCUALOF#ALP AB1.E11e 94u.0,5. IuT..a0e ESTIMATE 0$I
ALFZ#ALOSALFOALOF# Awl Ell# 143.0,o 5. *1?5 ESTIMATE @56
ALP.ALCLF8ALCL*ALF2P A81:911, ho-cost 830961# ESTIMATE 055
ALCLF*ALO ALFOALOCL, A816111: *i..0.5. 89407p ESTIMATE 056
ALFOALOCLUALCLOALOF. aul Ell# Ne-Go*5 Is1,1,5, ESTIMATE 051
ALOCL.CuALCL#NOP £55,111. hembe1. 087o3?5, ESTIMATE 055
ALCLF#ALOGALCLALDP. Ant Lilt fteo@.5g 686*961# ESTInATE 019
ALOOM208ALOPOOMe A6lEII. NG.@,5, SU&.550. E8TIMATE 00
ALOt43O*AL, AUSIEIIP Sa tu@5: 50 600e6 ESTIATE 001
ALPZ,4AL;OCL8;LCLF*ALOF, auIEtOo k*00@.i8. Ouslo ESTIMATE Got
ALOFI46AL~FlgQ, $65,1110 Mu.@.5,t WOOD50 ESTIMATE 003
ALOMCLvALO4,CL# Avl,EII. ftu.@,g, 535,015. ESTIMATE 06 I
ALCL*OM8ALOW*Cleo £AsaE11. Mu.,0,, G6o,51. ESTIMATE 005
ALOM#OHMh*ALORM* AwIE11. hu.0,5,@u 60 EISIATE 066
AL*NDALONmoM AuStEl, New0.5. 506.500 ESTIMATE 06T
ALO*M3SALOM*H. A8149110 Nem.,!. OS.31t ESTIMATE 6
ALOONDALOM,0. Aol@Ello WNm@,5e *uS.011. ESTIMATE 009
£LOHWPUALOFONR* Anl*IOP its NuS 6:7@:336# EST1MATE @To
ALaHW0uALF.Mao, Ao1,EI@. "ms:0,le SU 465 ESTIMATE 01
ALOM.WCLBALOCLOMle A91,9100 Ne.@.St 01*110# ESTIMATE sit
ALOMMCL8ALCL*M2O, Awl CIO# "90050 S050190 ESTIMATE 013
ALF#ALORMBALOMOALOWO A91:9160 NU..,V, 1363.930. ESTIMATE 016
ALOHM8OGDALO1H*N1v AUI [lot Nomo,,. *u05,057p ESTIMATE O1s
SLORNALCLBALOM*ALOCLe £1,19o. We4o5o 6878,458o ESTIMATE 010

* LAST PEAK
1"I00 600Y IEAxR ATE RATIO$
A'LL EQUAL 8,0
LAIT CARD
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TABLE 6. SPECIES CONSIDERED IMPORTANT FOR
OCKET MOTOR PERFORMANCE ANALYSIS

I. MAJOR SPECIES BASED ON ENERGY RELEASE (NON-FLUORINATED)

A23 HCl 0 AlOCI

CO OH AlCi CO 2

N2  H20 NO

H Cl A10

H2Al A10 HH2  AAO2H

II. ADDITIONAL SPECIES IMPORTANT FOR FLUORINATED PROPELLANTS

Major Minor

HF AlCIF 2

AlF2  F

AIOF AlCI 2F

AIF AIF
3

AlCIF

IIL. SPECIES HIGH IN CONCENTRATION BUT NOT IMPORTANT TO ENERGY. RELEASE

*AlH 0 2
AlCl 2  N
A1 2 0 AlOR

- IV. SPECIES IMPORTANT IN RESTRICTED EQUILIBRIUM BUT NOT FOR
FULL EQUILIBRIUM

Ai 3  Ad- P-2 4

KVB1-P-24 0
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CONSTANT FRACTIONAL LAG PROCEDURE
FOR DRIVING VARIABLE

One-dimensional kinetic calculations required specification

of a defined independent variable, usually pressure in the sub-

sonic and sonic regions and area in the supersonic region. The
pressure function is generated using an average equilibrium pres-

sure expansion coefficient from the chamber to the throat. This

is an appropriate approximation for calculations with gas-particle
velocity and temperature equilibrium. However, for the non-

equilibrium procedure of OD3P, it was necessary to revise the

calculation to include an approximation more appropriate for

flow with particle velocity and temperature lags relative to the
gas. The approximation used is the constant fractional lag pro-

cedure of Kliegel3. The procedure was developed, as shown in
an appendix to this paper, for both pressure and temperature
defined calculations. While the pressure defined mode is con-

ventional, the temperature defined mode is novel and was developed

to improve the numerical solution of gas-particle flows with
kinetics. Solution of the gas-particle equations in OD3P involves

up to 104 simultaneous equations for the gas species concentrations

(40); gas velocity, density, area and pressure or temperature (4);
and six equations for each of 10 particle groups (60). For near-

equilibrium flow, numerical instabilityis a major difficulty

in obtaining solutions because the species kinetic rates are
such strong functions of temperature. The use of a temperature-

defined mode for specifying the driving variable was found to
minimize any tendency for numerical instability due to the stiff

Kliegel, J. R., "Gas Particle Nozzle Flows," Ninth (International)
Symposium on Combustion, The Combustion Institute, i962.

KVB11-P-240
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equation problem. This procedure is considered useful only for

cases in which the gas mixture is in fact very near equilibrium

and the effect on prediction of kinetic loss has not yet been
3 evaluated in full gas-particle calculations. For cases where

significant kinetic non-equilibrium exists, it is considered

i more appropriate to retain the pressure-defined mode.

IROCKET MOTOR VERIFICATION CASES

In order to assess the accuracy of OD3P and demonstrate

its operation, a set of six motor test cases is being used.
These cases are identical to those currently being used for the

Improved SPP. Final execution of these cases is not yet completed

pending accuracy verification of all the particle size change

models in OD3P, together with kinetics and numerical integration

methods. However, all cases have been run successfully through

the ODE module and through the initial setup routines of OD3P,
including generation of tables for either pressure or temperature
defined independent variable. Table 7 presents the lag parameters

that result from the independent variable generation. Particle-

to-gas mass flow ratios (*/7* 9) are similar for all the motors
except RSM which is very low. The nozzle discharge coefficients

are also similar for the first five cases but lower as expected
fw RSM. All the results shown were based on particle size using

the Improved SPP particle size correlation. The particle size

from that correlation is checked against a particle breakup
criteria using a Weber number of 28. In all cases the particle
size from the correlation was below the critical breakup size.

I The prediction of CD needs to be further assessed based on actual

OD3P particle calculations which are yet to be completed.

I
KVBlI-P-24 0
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TABLE 7. CONSTANT FRACTIONAL LAG PARAMETERS

Motor* L* CD

Extended delta 0.3979 1.1247 0.886 0.871 1.0150

Titan III C 0.4116 1.1288 0.843 0.767 1.0240
C4 Stage 3(ADP) 0.4669 1.1237 0.839 0.767 1.0276

IUS Large Motor 0.4708 1.1194 0.834 0.767 1.0274
AIN 0.4264 1.1255 0.835 0.753 1.0257

Reduced Smoke 0.004 1.1675 0.821 0.683 1.0031
Maverick

KVB11-P-240
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APPENDIX A

CONSTANT FRACTIONAL LAG METHOD
FOR TEMPERATURE AND PRESSURE

DEFINED SOLUTIONS

obtain the following from equilibrium solution:

Tc chamber temperature

T*, throat temperature

h chamber enthalpy
C,

h*, throat enthalpy

Calculate equilibrium expansion coefficient

= 2 1Ci

Calculate average specific heat

h c - hj
UPT (C-2)

Calculate average gas specific heat

= ~ + ) Pp (C-3)
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Calculate gas expansion coefficient

Y(C-4)

Calculate the two-phase flow expansion coefficient by iterating

the following:

B+;Pg) * ( K3 (C-5)

C=l+ (K* [(K*) Y-g*] + (y 1) (C,.k 9 BL*) (C-6)

- + l+(Yg-l)B (C-7)

In the above, assume the particle lags are zero to begin the

iteration; i.e., K-= L*= 1

Estimate the two-phase flow throat conditions

• T c
T 9 2T (C-8)

g

Vg 2 (2i..T!c IL 1/2 (C-9)
+~ 1)

Pg "P _T.) I (C-10)

KVIll-P-240
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For cases with no particles the above equations are sufficient and

no iteration is necessary.

For flow with particles the following equations provide an estimate

of the particle lags at the throat.

Calculate the mass average particle size for particles considered

in the case

r = k kPPjVipk (C-11)

Calculate a maximum particle size based on particle break up

W
* gc a ecrit

rcrit = * V *(l-K*) (C-12)

Set rp* to the minimum of r and r*

Calculate CD*D f* p and Pr* by standard formulas.

Calculate particle density at the throat from:

T * Tc -L (Tc Tg) (C-13)
Tp f Tc-T

Cpp p (C-14)

m~ =in 1 -a o (Tp*- Tni (C-15)

X* ' kmk * (C-16)
mp

kPpk

KVBll-P-240

115

j __ _ _ _ _ _ _ _ _ _



Calculate the estimated particle lags.

* t* * *

[~~ D* . . (C-17)

mp rp Vg

1C-18)
L*= !. . [I + 3 Pr (cpIg-*l./K*]. - 19

T c-TL c-Tg PP Pg (C-19)

Iterate the entire solution procedure above until R* and L*

converge.
After convergence, calculate predicted nozzle mass flow

wT [31+ w i r P g Vg (C-20)

Calculate the inlet contraction ratio

a I  wT
a P, Vl a*l +C-2

a 1 1

?.g

KV21l-P-24 0
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Calculate a temperature table as a function of nozzle position with

N values between the inlet and the throat.

AT Table =_ T N (C-22)

j Calculate the area ratio for each table value of Tg

a 2
a 2-W =c-Tg y+T (C-23)

Calculate a table of nozzle position from a/a* and the nozzle
geometry. This produces a table of T and a versus x. The

table of T and a versus x can be used in two ways during the

temperature-defined solution at the two-phase flow:

1. Use T = f x), where x is the local position duringg
solution.

2. Use T = f (a), where a is the local calculated area.
g

The first method is the most stable because T will remain fixed

at the forward point. However there will be a difference between

calalated area and the tabular area. The throat may occur at a

point that does not match the T * calculated above.

The second procedure will tend to be less stable because

the forward point temperature will change as a function of the

calculated area. However, the calculated area may better match

jthe geometric area.
The first method was selected for the program.

I

X VB11-P-240
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The above procedure is used to generate a temperature

table for a temperature defined solution which is very stable

for numerical integration when gas phase chemistry is near

equilibrium and the gas species differential equations are very

stiff.

The temperature defined procedure can be converted to

pressure defined by the use of

PT (6/j-l) (C-24)
P Tc

and

dP PC - l - dT

X. -T dx (C-25)

KVBII-P-240
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Appendix 11: One Dimensional Three Phase Flow Reacting Gas With Mass Transfer
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4

CONSTANT FRACTIONAL LAG PARAMETERS

Motor K* L* CD

Extended delta 0.3979 1.1247 0.886 0.871 1.0150

Titan III C 0.4116 1.1288 0.843 0.767 1.0240

C4 Stage 3(ADP) 0.4669 1.1237 0.839 0.767 1.0276

IUS Large Motor 0.4708 1.1194 0.834 0.767 1.0274

AIM 0.4264 1.1255 0.835 0.753 1.0257

Reduced Smoke 0.004 1.1675 0.821 0.683 1.0031
Maverick

OD3P RESULTS FOR EXTENDED DELTA

, , *

D~p K* L
- Inect particles 1.55 .962 .910

• 2.86 .911 .805
D 43=3.341 5.33 .832 .657

Mass transfer only 1.58 .962 .879
* 2.88 .911 .773D43=3"33 5.34 .833 .622

All size change 1.53 .960 .902
D* 6.26pm 3.19 .895 .771
43  7.03 .796 .564
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Appendix 12: Particle Impact Erosion Program
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Appendix 13: Performance Prediction Methodology

PERFORMANCE PREDICTION METHODOLOGY

I STATUS SUMMARY

Joe D. Hoffman

Purdue University

February 1980
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I

Performance Prediction Methodology Status Summary

Performance - Specific impulse, Isp

Theoretical performance - Maximum Isp with no losses, IsPth

Losses - Decrement in Isp due to real effects, Alsploss

Delivered performance - Isp including losses, ISPD

The objective of the performance prediction methodology is to a priori

predict ISPD within ± 0.5%.

, Theoretical performance, IsPth, is determined by a one-dimensional, isentropic

(i.e., adiabatic and frictionless), equilibrium expansion from equilibrium

combustor conditions. This calculation is accomplished with the NASA

Lewis thermochemistry program known as ODE.

&178



LOSSES

Two-dimensional loss 0.1 to 3%

Finite rate kinetics loss 0.05 to 10%

Two-phase flow loss 0 to 5%

Boundary layer loss 0.5 to 5%

Erosion loss 0 to 2%

Submergence loss 0 to 1%

Combustor efficiency 0 to 5%

=sP 's~th - I sp1055

=sP 's~th "~loss

*sP = '~th "loss M AsPBL
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Td!hIc 2- I Inter, -ion of Plysicl t 'cI ,. . 1,

Perfotiunce Loss Ud lcu1ti.

PE ,R-FOLRMANC:E 'Divergence Bounddry Khnctw, IV, Hio ,:ik, G~onbu ,tion
LOSSES Loss Loyer Loss ) 1, lInefficiency

Loss I.,.:,
SPHENOMENA

(Non /,
,One-Dimensiondl
1 Flow 123

(Viscosity And 3
'Thermal Conductivity

i Finite Rate 2 3
lCliemistry

Ix

SMultiphase Flow 1

iIncomplete 2
Combustion

Legend:

1. Primary Importance (could be . 0.2% effect on I

2. Secondary Importance (probably < 0.2% effect ot. i

3. Generally Not Important
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I

I

Loss Calculations

Loss Model - Performance calculation with a model containing certain

mechanisms including a particular loss.

Reference Model - Performance calculation with a model containing

the same mechanisms except the loss in question.

Problems - Selection of the losses to be separated or coupled.

.* Establishment of the loss models - very subjective.

How to make references model calculations.

I1
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II

I
Advanced Transonic Proqram

The Advanced TranSonic (ATS) program determines the subsonic and

transonic flow field in a solid propellant rocket motor.

Unsteady two-dimensional flow

Steady flow solution at large time

Coupled gas-particle flow

Perfect gas

Constant size particles

The result of the ATS program is a supersonic initial-value downstream

of the nozzle geometric throat from which the TD2P analysis can be

initiated. A portion of the nozzle submergence loss is included in

the results predicted by the ATS program.

II
I
I
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INew Considerations

One-Dimensional Three-Phase Flow Program

OD3P -particle radiation

solidification and crystallization

I collisions and agglomeration

fragmentation

1 nucleation and condensation

vaporization, sublimation, and melting

Replacement of TBL - integral or finite difference method?

mass diffusion?

. j

I

* .

.4

.1

l~lis,



i I
Appendix 14: Space Motor Combustion Spin Effects
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APPARATUS FOR CROSS FLOW OTOGPHY

HIGH INTENSITY liu PORT PiMP / PROPELLUf

CROSS-SECTION THROIGW WINDOW
HI6H-SPEED MOTOR SHOWING NOMAL TO THE

CWERA MRNING SURFACE COFI6URATION

A) ARRANEENT FOR PNOTOSSAPWIN ALUINIZED PROPELLANT.

FLOW IN PORT
-

ALUMINIZED Pm
' oew IN FIELD OF VIEW ",,

(7 X q m)

B) PROPELLANT CONFIGURATION C) PROPELLANT CONFIGURATION
OF SIDE VIEW PHOTOGRAPHY, FOR NORMAL TO THE BMNING

SURFACE PHOTOGRAPHY.
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Appendix 15: Expended Inerts and Slag Performance Procedure

I
EXPENDED INERTS

AND

SLAG PERFORMANCE PROCEDURE

J. T. LAMBERTY

UT-CSD SUNNYVALE, CA
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Appendix 16: Burning Anomaly Rate Factor
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m Appendix 18: Nozzlelesa Performance Mechanisms
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1 3Appendix 19: JANI{AP Performance Standardization Subcommaittee Annaual Report 1979

r1n

I
! =

V,)

U-

II

I .2?9

-- 279



*1)

U-

C-*)

_t LL. i
CD

t3LA C LL Li
00 Lii C)cc r

U- I-Li 0

(n 0- -j w

C)Li C/.)
Lii LU-

4n .LLJ 7:0 7: i

C),

COO Lii cn Lii 7:

0-4~

L= Li

280



LUC
M- -

UV)

w w

-3 La

LI

w 0i

-4J Li.

i
LIL.

0

JLJW

;,I- I-

LU m

'-40 Lii

0. W-0 0<u lL

(I, 0281



LAI

Lul

0-4

C) C..

LLU

COP) .0

282s



CD,

CD0-

CD,
cnL C)0.. C

w cnu- D 4 lw 1=U-
- r%4 W - d

CD .C,) =U 4= -CD a-
CD ce c -

W~~~L LUw = -

U-J~L U C-) >. t. LC.) I- >
LLC~ cc L) LC d

w cn

0-

U. cL I. D Ie
C.) 0. fJ L8--4L

0..-' ~ .. 4beL

2: Cd28-



Lii

LiCi

-r (U)
-, CL L I-J

LLii
LLii

LUJ LL L4J

ui =~ -LJ -- -c

0 - ~~LL i
OLJLJi
LLi C n w cn IC

(D PI 0-4L
0n LL- CDi

LU rSJ LL.LX

0~ - =q Lii U- LiC/

-l C/L CD = 1-- 0- I I

I- -- L- -

0 0 000

Lii

284



rC

C-,

IL

= LUJ
C) C -)

cn-

0.. L JC/

C-/,

LUO C-

LUJ
C-

ii

I C)

~-- LO

Ce)

ui- C)gI e-

I285

LUJ,



r r -4 V-4 -.I

C4

C-)

'4-

LU

LUU
Cl- -:

LUj

LL. . CD, A-

V)- ce) C-

9== a-:

-j I II IL

286L V1



I

E C
}I

%-.

C,, LL cf -C

Ot6-

ICD

on

'I. =' -

U- to

L w

L~ CD

-n ui

- LL/)

LL C287



JANNAF PERFORMANCE STANDARDIZATION SUBCOMMITTEE, 13TH 1EETING M-ETC(U)
JUL 80 H F HEGE N0002-78BC-5384CLA IF~n P[A-P-321 

Nf*II* ffII III I

ElIEIhihEEEEEI
Ellhlllllllllu
lllllllllllIhl
llEEllE-lEElhE



1111 . 5~ 12.8 12
,' 11112

,-. I, L0

]IIIIL25 LA iiii

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963-A



Appendix 20: Efficiency Definitions
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Appendix 21: Prediction of Nozzle Boundary Layers UsinS Aerotherm's "MIET" Code
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Appendix 22: Unsteady Three-Dimensional Flow in Propulsive Nozzles

IL! !

1 UNSTEADY THREE-DIMENSIONAL FLOW

1 IN PROPULSIVE NOZZLES

1

I Joe D. Hoffman

Purdue University

February 1980
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Figure 1. Physical arrangement.
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Figure 4. Physical arrangement, nonrotating nozzle.
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I

Gas ynamic ModelI3
1. Isentropic (i.e., inviscid, adiabatic) flow.

m 2. No body forces except those due to missile rotation.

* 3. No condensed phases.

4. Perfect gas.

1 5. Frozen flow.
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I
Method of Analysis

1. Unsteady three-dimensional flow.

2. Steady flow as limit at large time.

3. Cylindrical coordinate system.

4. Axisymmetric boundaries.

5. Transformed computational space.

6. Three-dimensional effects due to rotation only.

7. MacCormack's method at interior points.

8. Kentzer's method at all boundary points.
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(a) Rocket motor flow geometry.

r
Solid Boundary

Inlet
Boundary

~~PPoints Itro Exit Boundary Points

zi 'K-Centerline
Boundary Points

(b) Propulsive nozzle unit processes,

Figure 5. Flow field definition.
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Figure 8. Finite difference grid.
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Bivariate Interpolation Employed4x to Obtain the Cylindrical Properties

22

Linear Interpolation Employed to
Obtain Cartesian Properties at
Points 9, 10, 11, and 12.

Figure 9. Cartesian grid network in the
region of the centerline.
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TABLE 1. Data for the nozzle studies.

Flow Properties

Stagnation Pressure, psia 4570

Stagnation Temperature, R 5987

Ratio of Specific Heats 1.15

Molecular Weight, products 26.71

Gas Constant, ft-lbf/(lbm-R) 57.85

Ambient Pressure, psia 14.7

Propellant Data

Burn Rate at 2000 psi, in./sec 11.0

Pressure Exponent 0.7

Density, lbm/in 3  0.063
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Figure 16. Supersonic initial value surface.
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(b) Velocity field In the region of the centerline,
0 z4 0 0 deg/sec.

Figure 16, continued.
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- (c) Velocity field in the region of the centerline,
* "M 8 0 0 deg/sec.

I Figure 16. continued.
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SN 2 0 0 dps "N 4 0 0 deg/sec (dps)

'II
3I 30 :-400 dps

2102

50N 2 d~ 18 UN4000dP

(b) Missile rotation, "Me 4 0 0 deg /sec.

Figure 17, continued.
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Figure 19, continued.
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j Torque, in-lbf X 10-a

Missile Rotation 4800 dog/sec

______200___ Nonrototing Missile

-4 20 400Nozzle Rotation,

12--
(a) Torque.

Figure 14. Effects of rotation on the forces andI moments acting on the nozzle.
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Side Force. I bf X 10

MisieRooto= 00dg/e

Missile Rotation 400 deg/sec

-0.6- ~Missile Rotation 400 e/e

-400 -20 200 400 ozle Rotation,

deg/sec

(b) Side force.

Figure 14, continued.
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Axial Force.
Ibf X 10-

-7.4-

a1 -7.0 Nozzle
-400 -2-00 200 400 Rotation,

dog/see

Symbol Missile Rotation
0 0

a400 dog/sec
A800 deg/secI V (c) Axial force.

I Figure 14, continued.
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Figure 23. Side force to axial thrust ratio versus nozzle length. -
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Figure 24. Misalignment torque versus nozzle length.
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Appendix 23: Advanced Performance Prediction Methodology

ADVANCED PERFORMANCE PREDICTION METHODOLOGY

JJAY N. LEVINE

The goal of this discussion period will be to identify:

1. Limitations of present performance prediction methodologies

a. SPP

II b. Technology lb general

2. Impact of solid rocket motor technology developments on performance
prediction methods.

The following items are listed to stimulate thinking about the subject.
These items, as well as others suggested at the meeting, will be discussed.
An effort will be made to catergorize the items into three groups.

1. Those items which are, or are very likely to be important enought to
definitely warrant that the ability to treat them be included In an advanced
performance prediction methodology.

2. Those items which might be important, and should be carefully con-
sidered for inclusion in an advanced performance prediction methodology.

3. Those items which are not likely to be important, or have a significant
effect on performance.

*3 3
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POSSIBLE ITEMS FOR DISCUSSION

1. Effect of all types of thrust vector control methods on performance

a. Canted nozzles

b. Gimbaled nozzles

c. Jet interaction TVC

d. Boundary layer TVC

2. Grain asymmetry, multidimensional ballistics

3. Non-circular cross-section nozzles

4. Scarfed nozzles

5. ENEC and very high area ratio nozzles

6. Spin effects

7. Nozzle wall roughness and asymmetrical nozzle erosion

.8. Exotic propellant ingredients

9. Multi-propellant motors

10. Aerodynamic heating effects

11. Extreme motor operating conditions

In regards to the various loss mechanisms:

Two-phase

Divergence

Boundary layer

Kinetics

Submergence

Erosion

Combustion

Mass transfer between phases

Impingement

Which do you feel are modeled satisfactorily, at present? Which do you feel
require additional work? -i
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IAppendix 24: Examination of Recent Models for Particle Drag in Nozzle Flows
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I
Results

The old familiar and more recent drag models have been compared

to the data of UTC (Ref. 1), Zarin (Ref, 8) and Bailey/Hiatt (Ref. 9

for Rep :6 40). For each of the 51 UTC data points, 46 Zarin data

points, and 45 Bailey/Hiatt data points the predicted CD was normal-

ized by the measured CD. An average and root-mean-square (rus) error
thwas then calculated for the j- set of data from

A small rms error implies that the model correlates the data with

very little scatter, while a small average error implies that the

model predicts values near the middle of the scatter-band. The

results are presented in Table III and the rms errors are summarized

below:

UTC Zarin Bailey/Hiatt
W__ . .77 M_ > 1.7

Nitrogen Freon All P 7
(3 points) (16 points) (46 points) (1 points) (32 poin)

Kliegel (SPP) 2.17 1.65 0.09 0.09 0.24

Crowe (TPP) 0.14 0.16 0.21 0.27 0.15

Walsh 0.49 0.33 0.06 0.02 0.26

Henderson 0.15 0.20 0.09 0.05 0.05

Hermsen 0.11 0.11 0.06 0.10 0.30

The data is plotted together in Fig. 4.

Note that the Bailey/Hiatt data was arbitrarily divided into two groups

by M p 1.77 (i.e. at the maximum Mp in the UTC data at which the

Hermsen model was correlated). It is unlikely that p > 1.77 will

ever be encountered in a rocket nozzle (although it might be in plumes)

because

1) MP - E Mg shows that M P 1.0 everywhere in the subsonicP- p
region of the nozzle, even for the worst case of a stationary

particle (AV - Ug)
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1

2) 0.7 for a mean-size particle in a 53:1 nozzle
p
(see ig. 1).

The significance of the error in predicting the drag coefficients

at high M is limited by the fact that there was a data scatter of
p

nearly 20% in high-Mp low-Rep test results.

Finally, all the above data was obtained in the absence of gas-

stream turbulence. Some turbulence should exist in rocket motors,

but Zarin has shown that the effect is probably negligible at the low-

Rep encountered there.

Conclusions

The above table shows that:

1) As expected the Iliegel model does well in the low-MP
slip/transition regime represented by the Zarin and Bailey/

Hiatt data but fails badly as the free-molecular regime is I
encountered in the UTC data.

2) As expected the Crowe empirical relation does well for the

free-molecular conditions of the UTC data it was forced to

fit, but becomes less accurate for the slip/transition regime {
of the Zarin and Bailey/Hiatt data that it was not forced

to fit.

3) As expected the Walsh correlation does well in fitting

the Zarin and low-Mp Bailey/Hiatt data as it was forced

to do, but fails to predict the free-molecular UTC data

or the high-Mp Bailey/Hiatt data.

4) The Henderson model does quite well in predicting all the

data at Y9 - 1.40, but not so well for freon ( Yg = 1.09).

5) The Hermsen model is the best predictive technique for

UM & 1.77 with small average and rms error for both free-

molecular and slip-flow regimes; note that the Hermsen rms

error in predicting the UTC data is no worse that the re-

ported experimental accuracy (average of + 11% for the 51

points - see Table I).

6) Thus the Hermsen model should be used for nozzle flows

while the Henderson model may be better for plume flows

where M might exceed 1.77 and Y is approaching 1.40.
p g
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Appendix 25: Problem - Measurement of Thrust for a Solid Rocket
• ! Fired in the Vertical Attitude
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